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The  features  and  uses  of  different  optical  signal  processor  architectures  for  diverse  spread 
spectrum  applications  are  reviewed  and  several  new  optical  system  architectures  and  applications  are 
described . 


1.  INTRODUCTION 


Spread  spectrum  (SS)  systems  are  of  ma^or  concern  diverse  applications  [1-4].  All  SS  systems 
use  a  transmission  bandwidth  W  that  is  larger  than  the  bandwidth  Wj  of  the  information  being  trans¬ 
mitted.  This  technique  results  in  larger  output  SNR  values,  allows  the  system  to  tolerate  lower  SNR 
input  data,  allows  operation  with  negative  transmitted  SNR,  enables  more  accurate  ranging  in  radar 
systems,  affords  better  interference  rejection,  etc.  In  Sect.  2,  we  will  briefly  review  these  var¬ 
ious  SS  applications  and  the  different  spectrum  coding  schemes  used.  Any  system  in  which  V  >  Wj  can 
be  classified  as  a  SS  system  and  its  processing  gain 

c(dB)  =  log  (SNR^^j.)  -  log  (sm^^)  (1) 

can  be  approximated  (in  general)  by 


G  =  W/U’i 


(2) 


From  (2),  we  see  chat  for  Increased  processing  gain  and  system  performance,  a  large  transmission 
bandwidth  W  is  desirable  (typical  values  are  10-10^  Hz).  This  increased  signal  bandwidth  results  in 
t*-?  use  of  long  and  often  complex  coded  waveforms  with  large  time  bandwidth  products  (TBW) .  The 
transmission  and  generation  of  such  signals  to  the  necessary  accuracy  as  well  as  their  efficient  on¬ 
line  processing  are  Issues  of  concern  in  any  such  system.  In  this  paper,  we  will  concentrate  on  the 
processing  of  such  long  TliW  signals  by  ad /anced  techniques,  specifically  optical  signal  processing 
(5,6).  This  appears  to  be  an  SS  problem  area  of  major  concern  and  the  one  in  which  the  parallel  end 
real-time  features  of  optical  signal  pr^icessors  will  have  their  major  impact. 


Because  of  the  large  number  of  SS  applications  and  the  large  variety  of  optical  signal  processor 
architectures,  our  analysis  will  consider  six  different  SS  optical  signal  processing  systems  (Sects. 
3-8).  In  each  case,  the  advantages  and  disadvantages  of  the  specific  system  will  be  noted  and  the 
specific  SS  system  applications  for  which  each  appears  to  be  me  t  appropriate  will  be  described. 

2.  SPREAD  SPECTRUM  SYSTEMS 

The  various  coding  techniques  used  to  spread  the  bandwidth  Wi  of  the  information  into  a  larger 
transmission  bandwidth  U  are  summarized  in  Table  1. 

TABLE  1  SPkEA])  SPRECTRUM  CODING  TECHNIQUES 
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In  DS  coding,  a  carrier  is  amplitude  imxltilated  by  a  bipolar  sequence  of  +  I's  and  -  l*s.  The  Y 
code  sequence  used  can  be  a  pseudo- random  code.  Cold  code,  maximum  length  code,  etc.  In  this  schemti 
the  code  length  is  Ntg  where  N  is  the  length  of  the  code  and  tg  is  the  chip  length  of  each  bit  of  tht 
code.:  To  transmit  a  "1"  or  "0"  in  such  a  coding  scheme,  the  phase  of  the  carrier  in  each  chip  of  tht 
code  i.s  u.sually  varied  by  +  ir.  In  multi-user  systems,  codes  with  low  cross-correlation  properties  ^ 
are  used.  These  DS  coding  schemes  are  the  most  used  ones  because  of  the  ease  of  generation  of  tht 

signals.  They  appear  to  offer  nearly  optimum  pi’otessing  gain  for  both  white  noise  and  discrete  f 
jammers  (in  frequency  or  time) . 

In  FH  coding,  the  transmitted  signal  consists  of  a  time  sequence  of  N  different  frequencies  ' 
each  of  chip  duration  tgi  and  with  a  frequency  step  size  Af  between  frequencies.  We  consider  contig¬ 
uous  FH  coding,  where  Af  *  l/tg.  This  type  of  coding  is  best  suited  for  rejection  of  discrete  fre¬ 
quency  jammers.  Transmission  of  a  "1"  or  "0"  in  such  a  system  is  possible  by  use  of  dlfferen*.  method! 
such  as  complementary  frequencies,  etc.  FH  coding  provides  the  optimum  processing  gain  for  discrete 
jammers  but  not  for  white  noise. 

One  of  the  most  familiar  and  easily  generated  forms  of  SS  coding  is  the  use  of  a  pulsed  chirp  or 
linear  frequency  modulated  (LFM)  signal 

a(t)  ■■  IKt/t^)  cos  ((Dpt  +  bt^),  (3) 

where  tg  is  the  duration  of  the  LFM,  ug  is  its  center  frequency,  2btg  is  its  bandwidth  and  l/tg 
usually  corresponds  to  the  information  bandwidth.  For  data  transmission,  up  chirps  and  down  chirps 
can  be  used  to  transmit  "1"  and  "0"  databits  respectively.  However,  the  major  use  of  such  codes 
appears  to  be  in  radar  since  they  are  easily  compressed  and  can  be  easily  generated  and  analyzed. 

They  are  also  extensively  used  in  hybrid  radar  coding  schemes. 

The  final  general  type  of  SS  coding  is  best  classified  as  hybrid.  It  Includes  all  combinations 
of  the  above  techniques,  such  as:  FH  on  a  DS  code,  FH  chirps  with  changing  center  frequency,  etc. 

In  Table  1,  we  list  the  approximate  W,  and  G  values  for  each  coding  technique.  As  seen,  the  TBK 
(or  the  number  of  Independent  signal  samples)  is  the  major  parameter  of  concern  in  the  generation  and 
processing  of  these  SS  signals  and  in  determining  the  performance  of  a  given  SS  system. 


Several  specific  SS  system  Issues  and  applications  with  which  we  will  be  concerned  arc  noted  in 
Tables  2  and  3.  Often,  the  exact  time  of  data  transmission  is  not  known  and  thus  the  receiver  must 
be  synchronized  to  the  signal  before  data  processing  and  encoding  arc  possible.  Synchronization  is 
necessary  in  all  SS  systems.  In  general,  the  receiver  must  search  all  possible  locations  jf  the 
received  code  to  obtain  synchronization.  In  such  cases,  a  moving  window  or  time  domain  correlation 
is  necessary  with  a  large  range  window.  Acousto-optic  (AO)  signal  processors  are  especially  attrac¬ 
tive  for  this  purpose  [5].  If  the  SNR  of  the  received  signal  is  large,  a  preamble  code  of,  moderate 
TBW  and  processing  gain  can  be  used  to  enable  acquisition  of  synchronization.  Similarly,  short  SS 
codes  are  adequate  and  large  time  delay  search  windows  (to  obtain  full  correlation  SNR  output  and 
processing  gain  possible)  are  not  essential  as  they  are  when  the  SNR  of  the  received  signal  is  low. 
Special  coding  techniques  (such  as  the  use  of  a  preamble  with  periodic  portions  that  are  easily 
synchronized)  can  be  used  to  shift  the  receiver  towards  synchronization.  An  FH  code  Is  an  excellent 
choice  for  the  preamble  since  it  is  easily  synchronized  and  compressed  Hi  page  185].  In  low  SNR 
cases,  preambles  with  large  TBW  and  processing  gain  are  necessary  and  a  search  over  many  time  delays 
is  necessary  to  obtain  the  full  processing  gain  and  output  correlation  SNR  of  the  system. 


TABLE  2  SPREAD  SPECTRUM  ISSUES 


TABLE  3  SPREAD  SPECTRUM  APPLICATIONS 
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lllity  sources  of  Interference  ure  possible  with  white  noise  and  discrete  Jammers  being  the  two 
t  ftMisl  rases.  In  multi-user  systems,  c.i.li  user  employs  a  different  code  and  the  rrosstnll: 

WM  channels  Introduces  one  source  of  Incei ference.  Use  of  code  division  multiplexing  with 
^•nhogoixl  codes  can  decrease  the  extent  of  ih's  problem.  In  general,  a  parallel  multi-channel 
^IfKtaaor  capable  of  correlating  the  received  signal  vtth  all  possible  reference  ones  is  necessary 
pi^Ma  apectal  system  alterations  are  used. 

1^’’’  la  passive  detector  applications,  one  desires  to  know  when  and  If  an  SS  system  Is  transmitting. 
IlMt  often  Involves  passive  detection  of  the  signal  by  spectrum  analysis  to  determine  the  presence  of 
ftai  value  of  the  PRF  of  the  system  and  other  indications  that  transmission  is  occurring.  Obtaining 
fdtreetion  of  arrival  (DOA)  information  and  decoding  of  the  data  represent  other  aspects  of  this  prob- 
Meo.  Such  an  SS  application  generally  corresponds  to  a  low  SNR  case.  In  DS  systems  using  psueod- 
i  taadon  codes,  the  phase  of  the  carrier  is  modulated  by  180®  for  each  transition  of  the  code.  B3I- 
^aaeed  modulation  with  a  suppressed  carrier  is  attractive  in  such  coding  because  more  power  can  then 
used  In  the  signal  and  because  detection  of  the  PRF  and  hence  the  presence  of  the  SS  transmission 
If  chan  more  difficult.  In  covert  communications,  transmission  at  low  energy  to  prohibit  detection 
If  vital.  Long  TBW  codes  are  common  In  such  applications.  We  note  that  any  linear  code  Is  not 
•fcura.  For  such  cases,  cryptographically  secure  c^des  nrt  used  or  the  data  is  first  cryptographl- 

!  (ally  fncoded  and  then  transmitted  using  a  linear  SS  code  [1,  page  175]. 

■ 

►  SS  codes  are  also  of  use  In  radar  to  Increase  range  iccur.Tcy.  In  general,  the  SNR  of  the  re- 
Ctlved  signal  in  radar  is  far  lower  (-50  dB  is  not  uncoimnon)  than  In  computer  transmission  cases 
(tdien  SS  techniques  are  primarily  used  to  improve  the  bit  error  rate).  We  distinguish  the  cases  of 
Jwmer  rejection.  Increased  ranging  accuracy  for  mapping  radars,  and  Improved  taf/ct  range  and 
Doppler  information  as  several  specific  instances  of  the  need  for  SS  techniques  radar.  Sophisti¬ 
cated  waveforms  with  large  TBW  arc  being  considered  for  most  advanced  and  multi-i  urposc  radars  (7). 
Depending  upon  the  source  and  receiver  used,  a  Doppler  shift  may  exist  between  tt>e  received  and  ref¬ 
erence  signals.  Processing  of  such  data  for  all  time  delays  and  Doppler  shifts  vi  h  large  TBW  codes 
■Oft  clearly  dictates  the  need  for  the  full  parallel  processing  ability  of  optical  systems. 

3.  SPACE  INTEGRATING  CORRELATORS 

In  a  summary  of  optical  signal  processing  systems  for  SS  applications,  ve  will  be  prlnarily 
concerned  with  correlators  that  enable  synchronization  and  decoding  of  the  transmitted  drti,  We  wll 
also  give  major  emphasis  to  the  use  of  optical  signal  processing  architectures  omploylng  ■  '  -ellR 
rather  than  2-D  spatial  light  modulators,  because  of  the  better  reliabillf:  and  periormana  rf  the 
former  Items  [5,6].  A  schematic  diagram  of  the  AO  space  Integrating  (SI)  corre'ator  [8]  i';  shown  in 
rig.  1.  In  this  system,  the  received  signal  g  (t)  is  fed  to  the  AO  cell  at  The  trat.,  sslon  of 

**la  varies  in  time  and  space  proportional  to  g(t-r),  where  x  -  x/v,  v  is  the  velocity  of  t'opagatlon 
In  the  cell,  x  Is  the  spatial  distance  across  the  cell  and  x  has  units  -if  riue  but  corre';  ai  ds  to  a 
l|atlal  distance  x.  This  AO  cell  at  Pjg  Is  Imaged  by  L}  and  L2  onto  mask  at  Pji^_  with  1 1  aasmittance 
h  (R).  Letting  x  »  R,  the  light  distribution  leaving  is  g(t-R)  a"  (ft).  Lens  I.3  fon  the  IT  of 
this  light  distribution  and  as  a  function  of  time  at  u  ■  X3  *  0  in  P^  we  obtain  the  desire l  correla¬ 
tion  of  g  and  h. 


U3(t)  -1?  [g(t-ft)h*(ft)  ]  I 

u  ■  0 


®  f  g(t-x)h  (x)dx 

■=  g©h,  (4) 

where  the  integration  is  performed  in  space  x  by  L3  and  the  outaur  correlation  appenra  ns  a  function 
of  time  at  P3. 

This  system  isslmple  and  easily  fabricated.  It  is  also  flexible  since  the  mask  at  Pi^  can  be 
multiplexed  in  the  y  direction  to  produce  a  multi-channel  SI  co  -relator.  Such  a  system  can  be  used 
to  correlate  one  received  Input  signal  with  multiple  reference  ones  (as  in  a  multi-user  SS  system). 


In  this  case,  a  cyliiidrlcal/spherlcnl  lens  set  Is  used  for  Lj^  to  L3  (to  form  the  FT  horizontally 
Image  vertically)  and  a  linear  output  detector  array  in  y3  at  P3  is  necessary. 

In  another  version  of  this  system,  consider  what  occurs  if  a  Doppler  shift  exists  between  g 
h.  In  this  case,  the  location  of  the  output  correlation  peak  will  shift  in  X3,  If  a  linear  horlz.l^ 
tal  output  detector  array  In  X3  Is  used,  the  time  outputs  from  the  different  detectors  in  the  X3  dip 
rectlon  ’•epresent  the  sampled  cross  ambiguity  function  of  g  and  h.  In  Fig.  2  we  show  the  output  •!{ 
nals  obtained  from  the  basic  SI  correlator  of  Fig.  1  for  an  LFM  input  (10].  Detailed  analysis  (101 
of  this  output  pattern  showed  that  the  width  of  the  output  correlation  was  In  excellent  agreement 
with  the  theoretical  values.  The  different  outputs  shown  In  Fig.  2  were  obtained  from  detectors 
cated  at  different  Xj  locations  in  the  output  plane  Pj  of  Fig.  1.  The  full  pattern  in  Fig.  2  is  tte 

ambiguity  function  for  the  LFM  signal  used.  The  amplitudes  of  the  output  peaks,  and  their  locatloM 
were  again  found  to  be  in  excellent  agreement  with  theory  thus  verifying  the  performance  and  accu¬ 
racy  of  such  an  optical  signal  processor. 

The  final  version  of  such  a  SI  correlator  that  we  discuss  uses  the  system  of  Fig.  I  as  the  flrtt 

stage  of  a  2  stage  processor  for  radar  ambiguity  function  computation  (7).  In  this  case,  a  pulse 

buret  radar  was  used.  The  received  signals  from  successive  pulses  were  fed  to  the  input  AO  cell  at 

Pj^^.1  and  their  correlations  with  the  reference  function  h  appear  in  time  at  the  output  detector  in  P3. 

These  time  outputs  were  then  recorded  on  separate  lines  on  n  2-D  spatial  light  modulator  in  the  sec*  • 
ond  stage  of  this  processor  and  a  1-D  vertical  FT  was  performed  across  this  2-D  signal  pattern.  The  f 
system  output  is  again  the  ambiguity  function  with  range  displayed  horizontally  and  Doppler  verti¬ 
cally  [7]. 

The  advantage  of  the  SI  correlator  is  the  large  range  delay  (essentially  Infinite,  limited  by 
the  dynamic  range  and  noise  of  the  output  detector)  that  it  can  search  between  g  and  h.  The  band¬ 
width  of  Che  system  is  also  large  (equal  to  the  bandwidth  of  the  AO  cell).  Although  the  input  IBW  it 
small  (equal  to  the  TBV  of  the  AO  cell,  typically  lO^),  the  output  TBW  is  large  (essentially  infi¬ 
nite),  The  low  input  TBW  is  the  jiajor  disadvantage  of  this  system.  In  FT  applications,  the  frequen¬ 
cy  resolution  possible  is  1/Ta,  where  T^  is  the  aperture  time  of  the  AO  cell,  Such  a  system  is  thus 
most  appropriate  for  use  in  synchronization  and  demodulation  of  low  TBW  preambles  and  codes  or  moreso 
for  chirp  and  pulse  burst  radar  signal  processing  applications. 


TIME  INTEGRATING  OPTICAL  CORRELATORS 

A  schematic  diagram  of  the  classic  time  integrating  (TI)  optical  signal  processor  [11]  is  shown 
in  Fig.  3.  In  this  system,  the  received  signal  f(t)  is  used  to  time  sequentially  modulate  a  light 
source  such  as  an  LED  or  laser  diode  at  P]^.  The  output  from  Pi  is  collimated  to  uniformly  lllumlnat* 
an  AO  cell  at  P2  fed  with  the  reference  signal  h(t)  with  transmittance  h(t-T)  “  h(t-x) .  The  light 
distribution  leaving  P2  is  thus  f(t)  h(t-x).  In  the  system  of  Fig.  3,  P2  is  imaged  onto  a  time  inte¬ 
grating  output  detector  at  P3  where  the  output  correlation 

R(x)  ■  /  f{t)  h(t-x)dt  »  f@h  (5) 

appears  in  space  x  ■  X3  at  P3  with  the  integration  being  performed  in  time  on  the  output  detector  and 
the  correlation  appearing  in  space  at  F3. 

The  advantage  of  this  system  is  the  long  integration  time  possible  and  hence  the  ability  to  cor¬ 
relate  long  TBW  codes  using  real-time  transducers  with  moderate  1-D  specifications.  The  disadvantage 
of  this  system  is  the  low  range  delay  possible  (equal  to  the  aperture  time  of  the  AO  cell  .it  P2) .  In 
this  system,  the  range  resolution  possible  is  the  reciprocal  of  the  bandwidth  of  the  AO  cell.  Al¬ 
though  the  input  TBW  of  this  system  is  largo  (approximately  infinite,  being  limited  by  the  integra¬ 
tion  time  used  and  this  is  a  function  of  the  dynamic  range  and  noise  of  the  detector),  the  output  SBW 
is  low  (approximately  1000)  and  equal  to  the  TBW  of  the  AO  cell  or  the  SBW  of  the  output  detector. 

It  is  this  latter  feature  that  determines  the  range  resolution  AR  (equal  to  the  reciprocal  of  the 
bandwidth  of  the  AO  cell)  and  the  maximum  range  delay  R^ax  (Ta*  aperture  time  of  the  AO  cell). 
The  processing  gain  of  this  system  is  still  large  (10^).  The  major  application  of  this  optical  sig¬ 
nal  processor  for  SS  applications  appears  to  be  in  the  correlation  of  large  TBW  codes  and  in  certain 
passive  applications  in  which  short  range  delays  are  expected  (so  that  a  synchronization  search  over 
a  large  range  delay  is  not  necessary) . 


5.  2-D  SPACE  INTEGRATING  FT  AND  CORRELATOR  SYSTEMS 

The  prior  systems  did  not  .use  the  2-D  processing  possible  on  an  optical  signal  processor.  VIher. 
loi.j,  duration  signals  are  used  with  large  TBW,  the  1-D  resolution  of  conventional  correlators  are  not 
adequate.  In  such  cases,  the  frequency  plane  correlator  Fig.  4  can  be  used  with  a  raster  recorded 
input  .pattern  [12]  and  a  Spann  mask  [13]  at  P3.  The  Ff  pattern  in  this  system  is  a  folded  spectrum 
with  coarse  and  fine  frequency  axes  L12].  This  large  lnp.ut  and  output  TBW  (possible  because  of  the 
2-D  data  formats)  is  of  immense  use  in  the  analysis  and  detection  of  the  presence  of  SS  transmissions 
and  in  the  synchronization  of  the  data  transmitted  in  such  systems.  Arapex  [lA]  has  recently  reported 
fabrication  of  a  system  in  which  separate  segments  of  the  input  data  are  <  ccofded  on  subseciuent  lines 
on  a  2-D  liquid  crystal  light  valve  spatial  light  modulator  using  an  AO  cell  and  vertical  axis  de¬ 
flection  addressing  scheme.  This  promises  to  overcome  the  addressing  problem  associated  with  this 
system. 


The  use  of  such  a  system  to  provide  synchronization  of  large  TBW  signals  has  also  been  reported. 
In  this  case,  a  raster  recorded  input  signal  is  used  and  a  unique  Spann  mask  matched  spatial  filter 
is  placed  at  Pg.  The  output  correlation  plane  pattern  at  P3  contains  a  single-  peak  of  light  with  the 
full  SNR  and  processing  gain  of  the  entire  code  and  its  location  in  P3.  indicates  the  starting  loca¬ 
tion  of  the  code.  In  this  system,  synchronization  of  a  code  of  length  P  -  MN  bits  with  the  full  pro¬ 
cessing  gain  and  output  SNR  is  possible  with  a  mask  of  spatial  dimensions  (2M-1)  (2N-1).  This  is  far 
less  than  the  (MN)^  mask  resolution  that  would  be  required  in  the  equivalent  multi-channel  correlator. 
Multi-channel  parallel  AO  cells  capable  of  providing  DOA  signal  information  [16]  and  a  system  in 
which  the  crosscorrelation  between  two  raster  recorded  signals  is  used  to  determine  DOA  [17]  have 
also  been  reported.’ 

6.  2-D  TIME  INTEC,R,\T1NG  CHIRP-Z  AND  TRIPLE  PRODUCT  PROCESSORS 


The  1-D  nature  of  the  AO  correlators  previously  considered  is  a  severe  limitation  in  many  in¬ 
stances.  In  Fig.  5,  we  show  the  AO  version  [18]  of  an  optical  system  that  produces  a  2-D  output 
using  the  chirp-Z  [19,20]  and  triple  product  processor  algorithms  [21].  Other  versions  of  these 
systems  exist  [22,23],  however  we  will  concentrate  the  present  discussion  on  the  system  topology  [18] 
shown  in  Fig.  5. 

We  first  consider  realization  of  the  FT  operation  using  the  chirp-Z  algorithm.  We  write  the  FT 
of  f(t)  as 


F(«)  = 

/  f(t) 

exp  (-jut)dt. 

(6) 

Using  the  substitution 

1 

e 

rt 

11 

-  u^/2  -  ^  2 

(7) 

in  (6),  we  can  rewrite  (6) 

as 

F(.)  . 

/  £(t) 

[f(t)  1 

(8) 

From  (8),  we  see  that  the  FT  of  f(t)  can  be  realized  by:  (a)  multiplying  f(t)  by  a  chirp  exp 
(-jt^/?),  (b)  correlation  gf  f(t)  exp  (-jt'^/Z)  with  the  chirp  exp  (+jt2/2)-i  and  (c)  postmultiplica¬ 
tion  by  the  chirp  exp  (-ju  /2) .  Step  (c)  is  not  necessary  if  only  the  magnitude  of  the  FT  is  desired. 
The  FT  of  f(t)  described  in  (8)  can  be  performed  using  the  TI  system  of  Fig.  3  by  feeding  f(t)  exp 
(-Jt^/2)  to  the  input  LED  and  the  chirp  exp  (jt2/2)  to  the  AO  cell.  Tlie  desired  IT  F(w)  =  F(x)  thus 
appears  in  the  space  R  =  X3  =  u  at  P3.  Tills  system  thus  allows  the  FT  operation  to  be  performed 
using  a  convolution  system. 

We  now  consider  the  triple  product  processor  of  Fig.  5.  If  we  Ignore  A02,  the  output  plane 
pattern  is  the  1-D  function  s^^©  S2  smeared  Uor.izontally  in  the  output  plane  P^.  Wlien  AOl  is  proper¬ 
ly  focused  onto  A02  and  when  AOl  and  and  A02  are  imaged  onto  the  2-D  time  integrating  output  plane 


detector  at  P4,  the  output  plane  pattern  can  be  described  by 


Tj)  =  I  Sj^(t)  S2(t— Tj^)  S2(t-T2)dt. 


(9) 


We  first  consider  how  this  system  of  Fig.  5  can  be  used  as  a  2-D  folded  spectrum  processor  [18]  for 
detecting  the  presence  of  SS  signals.  In  this  case,  we  describe  the  signal  by  f(t),  we  premultiply 
it  by  a  chirp  and  time  sequentially  modulate  the  light  source  at  by  s^Ct)  =  f(t)  exp  (-jt^/2). 
Chirp  signals  exp  (jat^/2)  and  exp  (jbt2/2)  are  fed  to  AO]  and  A02  as  S2  and  S3  with  the  period  Ty  of 
the  S2  chirp  much  less  than  the  period  of  the  S3  chirp  and  with  the  output  plane  integration  time 
equal  to  Tj..  In  the  period  T^,  many  of  the  chirp  signals_^S2  are  integrated.  This  causes  a  discrete 
rather  than  a  continuous  spectrum  to  be  produced  in  =  y  at  P4.  This  results  in  a  folded  spectrum 
output  display  in  which  is  the  coarse  frequency  axis  and  T2  is  the  fine  frequency  axis.  The  fine 
frequency  resolution  in  x  =  T2  is  1/Tjj  and  the  coarse  frequency  resolution  in  y  =  Tj^  is  1/Ty. 


If  we  choose  S3(t)  =  fi(t)  exp  (+jt^/2),  S2(t)  =  f2(t^)  S3(t)  =  cxp(+jt^/2), 

lei  output  plane  pattern  at  P4  is  the  ambiguity  function 


then  the  paral- 


I(t1,  T2)  =  I(y,  x)  =  x(t,  to) 


=  /  f^Ct)  f2(t-T)  exp  (-jut)dt.  (10) 

T 


Systems  such  as  the  one  in  Fig.  5  represent  one  of  the  most  advanced  optical  signal  processing 
architectures.  Its  flexibility  is  one  of  its  primary  advantages.  It  can  be  used  for  high  resolution 
wideband  spectrum  analysis  for  SS  detection  and  code  determination  as  well  as  in  the  production  of 
ambiguity  functions  necessary  in  range  and  Doppler  radar  processing.  These  features  are  all  achieved 
with  moderate  input  TBW  and  large  output  SBW  without  the  use  of  any  2-D  spatial  light  modulators. 

7.  HYBRID  TIME  AND  SPACE  INTEORATING  SYSTEMS 


A  variety  of  hybrid  time  and  space  integrating  (TSI)  signal  processors  have  recently  been  de¬ 
scribed.  These  systems  achieved  the  large  integration  time  and  input  TBW  of  a  TI  system  and  the 
large  bandwidth  and  range  delay  search  range  possible  in  an  SI  system.  One  such  hybrid  TSI  system 
f2<!i]  is  shown  in  Fig.  6.  We  will  describe  its  use  in  achieving  synchronization  and  demodulation  of 
a  large  TBW  FH  SS  signal.  In  the  system  of  Fig,  6,  the  received  signal  f(t)  is  fed  to  the  AO  cell  at 
P]_,  whose  transmittance  is  f(t-T),  Its  1-D  horizontal  FT  is  incident  on  P2»  where  a  mask  is  placed 
with  apertures  at  horizontal  locations  corresponding  to  the  different  frequencies  f^  in  the  FH  code. 
The  vertical  ordering  of  these  slits  (or  frequencies)  in  the  P2  mask  corresponds  to  the  specific 
sequence  f^  of  frequencies  used  in  the  FH  code.  The  P2  mask  is  imaged  vertically  and  focused  hori¬ 
zontally  onto  a  time  integrating  linear  output  shift  register  detector  at  P3. 

When  the  first  chip  enters  the  AO  cell  at  Pj^,  its  FT  occurs  at  the  aperture  in  the  top  row  of 
the  mask  at  P2  and  this  is  imaged  onto  the  top  detector  in  pJane  P3.  The  clock  rate  of  the  output 
detector's  shift  register  is  1/tQ.  Thus,  as  the  second  chip  enters  the  AO  cell,  light  passes  through 
the  aperture  in  the  second  row  of  the  P2  mask.  This  is  Imaged  onto  the  second  output  detector  at  P3 
where  it  is  added  to  the  prior  contents  of  the  first  detector  (which  has  now  been  shifted  down  by  one 
detector  element) .  This  process  continues  .and  after  N  pulses,  the  output  of  the  detector  in  P3  is  a 
correlation  peak  with  the  SNR  of  the  full  FH  code  and  occurring  at  a  time  that  Indicates  when  the  re¬ 
ceived  signal  occurs.  Thus,  this  hybrid  time  and  space  integrating  correlator  achieves  the  large 
time  delay  search  possible  with  SI  systems  and  the  large  bandwidth  of  the  AO  cell  and  the  correlation 
of  a  large  TBW  product  signal. 

8.  SPACE  VARIANT  SS  PROCESSORS 


The  newest  and  most  advanced  types  of  SS  optical  signal  processors  [25-26]  use  a  transmitted 
code  chat  is  nonlinearly  coordinate  transformed,  thus  spreading  its  spectrum.  Since  the  carrier  as 
well  as  the  envelope  of  the  signal  is  coordinate  transformed,  the  presence  of  the  transmission  is  not 
easily  detected.  Upon  reception,  the  received; signal  is  fed  to  the  AO  cell  at  Pi  of  Fig.  7  and  the 
Inverse  coordinate  transform  desired  is  produced  at  P3  by  filtering  with  the  mask  at  P2  as  described 


elsewhere  [10,  27].  This  Inverse  coordinate  tr.niis formed  received  signal  is  the.n  correlated  with  the 
reference  signal  in  the  frequency  plane  correlator  portion  (P3-P5)  of  Fig.  7.  If  the  applied  coordi¬ 
nate  transformation  is  a  log,  a  Mellln  transform  results.  In  this  case,  the  vertical  location  of  the 
output  correlation  peak  corresponds  to  the  Doppler  shift  between  the  received  and  reference  signal, 
whereas  the  time  of  occurrence  of  the  output  correlation  peak  is  proportional  to  the  range  delay  in 
the  received  signal. 

Such  a  1-D  processor  can  thus  be  used  to  provide  synchronisation  of  a  received  signal,  demodula¬ 
tion  of  it,  and  determination  of  range  and  Doppler  delays.  Of  more  concern  in  the  use  of  such  non¬ 
linear  space-variant  processing  techniques  for  spread  spectrum  is  the  increased  processing  gain  such 
systems  appear  to  offer  [25]. 

'9.  SUMMAKY  AND  CONCLUSION 


This  brief  review  and  summary  of  optical  signal  processing  techniques  for  spread  spectrum  appli¬ 
cations  has  indicated  that  a  wealth  of  diverse  optical  signal  processing  system  architectures  exist 
and  that  they  are  appropriate  to  many  of  the  various  aspects  and  applications  of  spread  spectrum 
transmission  in  communications  and  radar. 
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r'lg.  1  Schematic  diagram  of  an  SI  AO  optical 
correlator. 


1  Di.  scon  =  5  psec 


Fig.  3  Schematic  diagram  of  a  TI  AO  optical  •  .  Fig,  2 
correlator. 


Representative  multi-channel  outputs  from 
the  TI  system  of  Fig.  1  when  used  as  an 
ambiguity  function  processor  (10). 


340 


,  4  Scliemiitlc  diagram  of  an  optical  froquency 

plane  correlator  or  Spann  folded  spectrum  processor 


lg«  5  Schematic  diagram  of  the  acousto-optic  triple 
product  processor  (after  [18]). 
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Fig.  7  Space-variant  spread  spectrum  optical  signal  processor. 


